0.23 Ϯ 0.30 for the smaller wave. Average departure from the great circle path was 1.8 Ϯ 4.1°for the larger wave and Ϫ2.2 Ϯ 9.4°for the smaller. 11. Because amplitudes carry information about the wavefield interference, at each frequency, we modeled the real and imaginary components for each record, rather than just the phase. Amplitudes are corrected for geometrical spreading on a uniform sphere, instrument-site response, and attenuation. In our tomographic inversions, we solved simultaneously for the velocity parameters and the six wavefield parameters per event. In an inversion that attempts to match all the amplitudes from all events simultaneously, we found the best attenuation factor for the region as a whole and the best, single amplitude correction factor for each station. At 25 s, the attenuation quality factor Q is Ն 125. 12. In a nonlinear inversion, the results may depend on model assumptions. We ran more than 80 different inversions with different starting models, grids, and approaches to damping to understand which features of the models are robust. In the interior of the grid, we applied either a smoothness criterion so that the inversion will tend to find the smoothest set of changes to the starting model that satisfies the data or a damping criterion that tends to minimize the size of the changes to the starting model. In the inversions presented in Fig. 3 19. J. J. Mahoney et al., Earth Planet. Sci. Lett. 121, 173 (1994 A new type of electrometer is described that uses a single-electron transistor (SE T ) and that allows large operating speeds and extremely high charge sensitivity. The SE T readout was accomplished by measuring the damping of a 1.7-gigahertz resonant circuit in which the device is embedded, and in some ways is the electrostatic "dual" of the well-known radio-frequency superconducting quantum interference device. The device is more than two orders of magnitude faster than previous single-electron devices, with a constant gain from dc to greater than 100 megahertz. For a still-unoptimized device, a charge sensitivity of 1.2 ϫ 10 Ϫ5 e/ ͌ hertz was obtained at a frequency of 1.1 megahertz, which is about an order of magnitude better than a typical, 1/f -noise-limited SET, and corresponds to an energy sensitivity (in joules per hertz) of about 41 ប.
A new type of electrometer is described that uses a single-electron transistor (SE T ) and that allows large operating speeds and extremely high charge sensitivity. The SE T readout was accomplished by measuring the damping of a 1.7-gigahertz resonant circuit in which the device is embedded, and in some ways is the electrostatic "dual" of the well-known radio-frequency superconducting quantum interference device. The device is more than two orders of magnitude faster than previous single-electron devices, with a constant gain from dc to greater than 100 megahertz. For a still-unoptimized device, a charge sensitivity of 1.2 ϫ 10 Ϫ5 e/ ͌ hertz was obtained at a frequency of 1.1 megahertz, which is about an order of magnitude better than a typical, 1/f -noise-limited SET, and corresponds to an energy sensitivity (in joules per hertz) of about 41 ប.
Methods for performing more-sensitive electrical measurements are often instrumental in enabling new physics and technology. Improvements in measurements can be accomplished either through refinement of traditional devices or by developing devices that rely on different physical principles. An example of the latter are superconducting quantum interference devices (SQUIDs), which use the phenomenon of flux quantization in a superconducting loop and are the most sensitive magnetometers (1) available. Besides magnetometry, SQUIDs have also been adapted to a wide range of applications where amplifiers are needed for low-level signals and low-impedance sources.
We report the development of an extremely sensitive electrometer, based on a new type of SET-the radio-frequency SET or RF-SET. First proposed by Averin and Likharev (2) and demonstrated by Fulton and Dolan (3) , the SET is the electrostatic "dual" (4) of the SQUID and is able to measure a small fraction of an electron's charge. As such, single-electron devices are complementary to SQUIDs and should be the measurement technology of choice for sensitive, high-impedance applications. However, conventional SET-based electrometers have been limited by slow operation speeds, typically 1 kHz or less. Furthermore, the charge sensitivity at these low frequencies, while typically much higher than that of conventional electrometers, is limited by 1/f noise (5) due to the motion of background charges. The RF-SET, however, can operate even at frequencies in excess of 100 MHz, where the 1/f noise due to background charge motion is completely negligible. In fact, we describe how optimized versions of this device could allow electrometry at the quantum limit, with an energy sensitivity of a few ប (ប ϵ 1.054 ϫ 10 -34 J/Hz). With the advent of this truly high-speed and more sensitive electrometer, many of the proposed applications of single electronics, including an electron-counting current standard (6) and advanced photodetectors (7), become much more practical. For example, at the present performance levels, the RF-SET has the sensitivity and speed to count electrons at frequencies Ͼ10 MHz (that is, measure a current on the order of picoamperes, electron by electron) with very good signal-to-noise (S/N) ratio. New physics experiments can be envisioned in "single-charge dynamics," such as the direct observation of Bloch and single-electron tunneling oscillations (2, 8) , and the monitoring of tranport processes at the single-charge level in a variety of systems.
Most Coulomb blockade (SET) electrometers use a double-junction structure with a central metallic island that is capacitively coupled to the input. Under the proper conditions, such a device has an onset of current that is controlled by the potential of the island. The onset is periodic in the gate charge, q g , coupled onto the island via the gate capacitor, with a period equal to the charge of a single electron, e. The gate charge, q g , can be continuously varied and is defined as q g ϭ C g V g , where C g is the gate capacitance and V g is the gate voltage. Usually, the SET is current-biased just above threshold, and the drain-to-source voltage is monitored with a high-impedance voltage amplifier at room temperature. Despite their limitations, such SET electrometers have already been used to observe macroscopic charge quantization (9) , to characterize the performance of single-electron pumps and traps (10, 11) , and to measure the local chemical potential variations (12, 13) * To whom correspondence should be addressed. E-mail: rob.schoelkopf@yale.edu current, each junction of the SET must be of the order of the resistance quantum, R K ϭ h/e 2 ϭ 26 kilohms, leading to a typical device resistance of R ϭ 100 kilohms or more. Given the capacitive load for the cabling (C l ϭ 0.1 to 1 nF) to the roomtemperature amplifier, the bandwidth is limited to f Ͻ 1/2 RC l , or less than a few kilohertz. Note, however, that the intrinsic limit on the speed of the SET should be determined by the RC (resistance times capacitance) time constant of the tunnel junctions themselves (14) , which can be greater than 10 GHz.
One approach (15, 16) for improving the speed of SET electrometers has used a cryogenic voltage amplifier, integrated in close proximity to the SET, to minimize the capacitive load. The total capacitance, although it includes the capacitance of the GaAs high electron mobility transistor (HEMT) used as the amplifier, can be less than 1 pF; this technique has allowed speeds (15) as high as 700 kHz. There are significant engineering challenges involved, however, including undesirable heating of the SET when the HEMT is optimally biased. The noise performance was also limited by the HEMT. Recently, very good noise performance (17) has been obtained at about 4 kHz, using a low-impedance, room-temperature current amplifier to measure the output of a voltagebiased SET. Although such a scheme avoids RC limits on the gain, the noise contribution of the postamplifier increases very rapidly with frequency above 1/2 RC l , and the noise bandwidth of the system is thus unlikely to exceed a few kilohertz.
In the RF-SET, the readout of the charge state of the device is accomplished by monitoring the damping of a high-frequency resonant circuit to which the SET is connected, rather than by measuring either the current or the voltage. This readout scheme offers many advantages. By using a low-impedance (50 ohm) high-frequency amplifier, the capacitance of the cabling between SET and the amplifier becomes unimportant (18). Once it is physically and thermally separated from the SET, the amplifier can be optimized without the constraint of very low power dissipation required for operation at millikelvin temperatures. Finally, because the readout is performed at a high frequency, there is no amplifier contribution to the 1/f noise.
A schematic of our measurement apparatus is shown in Fig. 1 . The SET itself was a typical Al-based SET, fabricated using electron-beam lithography, a suspended resist bridge, and a double-angle evaporation technique (19) . The source (S) of the SET was grounded, and the connection to the drain (D) was made by pressing a chip inductor, with an inductance of 27 nH, between a contact pad on the SET chip and the center pin of a 50-ohm semirigid coaxial cable. This cable connected the sample chip, held at 45 mK on the mixing chamber of a dilution refrigerator, to the main He bath, approximately 1 m away. The cable fed a 1.25 to 1.75 GHz HEMT-based low-noise amplifier, with an input impedance of 50 ohms.
The value of the series inductance was chosen so that it formed a resonant circuit with the parasitic capacitance, C pad Ϸ 0.33 pF, of the contact pad to the SET, with a resonance frequency of 1.7 GHz. A monochromatic signal at this resonance frequency, which we will refer to as the "carrier," was launched toward the SET, and the power reflected was then amplified and rectified. For a small 1.7-GHz signal, the variation in the reflected carrier power as a function of the gate voltage is shown (Fig. 2B) . The transistor's dc drain-source bias was zero except for a small audio frequency excitation, which was introduced via a bias-tee [(20) ; at 45 mK], and was used to monitor the dc drain-source conductance. The dc conductance displays the familiar Coulomb blockade oscillations, with sharp conductance peaks separated by uniform intervals in gate voltage, ␦V g ϭ e/C g , corresponding to the addition of individual electrons to the transistor's island. It is apparent that the reflected carrier power is strongly correlated with the transistor's conductance. When the conductance is a minimum and the transistor is in its blockaded state, then the reflected power is high, as would be expected for a transmission line terminated with an open circuit. When the transistor becomes conducting, some fraction of the carrier is dissipated in the SET, and the reflected power decreases.
The relative change in the reflected carrier power is small, because even the minimum resistance of the transistor is large compared to the characteristic impedance of the microwave system. The inductor and capacitor serve at resonance to transform this impedance upward, and thereby increase the change in carrier reflection by a factor of about 40 (21) . For best sensitivity, the RF-SET was held at zero drain-source dc bias, and an ac voltage amplitude approximately equal to the threshold voltage (22) was used. The dc conductance and The small-signal dc conductance (lower trace) at zero drain-source bias for the SE T, displaying the periodic conductance maxima when additional electrons are added to the island. The upper trace shows the total reflected power for a small RF signal at 1.7 GHz under the same conditions. (C) The dc conductance and ac reflected power for a large carrier power and zero dc bias, corresponding to the optimum operating conditions for the RF-SET. reflected carrier power for these conditions are shown (Fig. 2C) . The large ac amplitude smooths out the conductance oscillations into an approximately sinusoidal form by sampling a wider range of drain-source bias voltage, but the fractional variation of the reflection remains unchanged. Note that the transfer function for the reflected power versus gate charge (or gate voltage, q g ϭ C g V g ) is similar to the curves of dc voltage versus gate charge for the usual type of SET when it is current-biased near threshold.
We refer to the device operation described above as an RF-SET, because there are some similarities with the well-known RF-SQUID (1). For example, both use the change in damping of a resonant tank circuit to read out the charge (or flux) state of the device. The RF-SET is probably most nearly related to the double SQUID (D-SQUID) (23), a relatively new variety of RF-SQUID with two junctions and two quantization loops. However, the operation of the RF-SET is not an exact analog to any common type of SQUID. Because space does not permit, a detailed examination of the duality to the RF-SQUID and a full discussion of the design and optimization of the RF-SET will be published later (24) .
As mentioned above, we expect that the high-frequency measurement of the transistor's conductance will permit a sensitive and very fast readout of the charge coupled through the gate capacitor. Both the microwave amplifier and rectifying diode have bandwidths Ͼ100 MHz. The impedance of the SET should respond to changes of the gate on even faster time scales, with a bandwidth (14) of the order 1/2 R J C J Ϸ 10 GHz. The rapid response of the RF-SET in the time domain can be seen by examining the amplified output of the rectifying diode on a digitizing oscilloscope. The average of 2048 individual traces, taken with a large amplitude (⌬q g ϭ C g V g Ϸ 5.5 e peak-to-peak) 10-kHz triangle-wave signal applied to the gate, is shown (Fig. 3A) . The output indeed follows the sinusoidal transfer function, passing through five successive maxima (one for each electron added to the island), and then reversing at the turning points of the gate signal (dotted line). The S/N ratio is also quite high.
The device can also be used as a linear amplifier for small signals with a charge less than e, when the gate is biased at a charge corresponding to the maximum slope of the sinusoidal response. The gate signal then causes an amplitude modulation on the carrier (25) at the signal frequency. At large gate frequencies, it is more convenient to use an RF spectrum analyzer to see this modulation in the output of the rectifying diode. Such a spectrum, showing the response to a small [0.01e root-mean-square (rms)] sinusoidal signal at 1.1 MHz, is shown (Fig. 3B) . The excellent S/N ratio of 42, obtained in an equivalent noise bandwidth of 23 Hz, corresponds to a charge sensitivity of 5.2 ϫ 10 Ϫ5 e/ ͌ Hz. Also shown (Fig. 3C) is the output spectrum for a signal at 137 MHz. At all frequencies, the gain showed a large modulation with dc gate charge, and went to zero when the reflected power was at an extremum, and the change in reflected power for a small additional charge was therefore small. This gain variation demonstrates that the observed signals are not contaminated by any appreciable capacitive cross-talk.
The very wide bandwidth of the RF-SET electrometer is illustrated in Fig. 4 . The small-signal gain (obtained using an ϳ0.01e rms sine wave on the gate), varies less than 2 dB from 100 Hz to more than 40 MHz. Above 10 MHz, the filters (26) and heat sinking of the gate cable introduced some significant loss between the top of the cryostat and the device. A correction for this loss was applied after measuring the amplitude at the top of the cryostat for each frequency which gave one full period (1 electron) of the response, and this correction was consistent with the cable loss measured at room temperature. The loss in the gate line limited the range of frequencies investigated to Ͻ40 MHz, and causes the slightly larger estimated errors on the gain of Ϯ1 dB above 5 MHz.
The filters did allow a loss correction in a narrow range near 137 MHz. The gain obtained there (solid triangle) is not significantly lower, indicating that the 3-dB gain bandwidth of this RF-SET is probably in excess of 100 MHz.
Previous SET-based electrometers have suffered from large 1/f noise contributions at their operating frequencies (typically a few hundred hertz) which leads to much poorer sensitivities than the expected intrinsic limits (27) . The charge sensitivity of the RF-SET system as a function of frequency was obtained by simultaneously measuring the system output noise and small signal gain, and is displayed (trace "N") in units of e/ ͌ Hz on the right-hand axis of Fig. 4 . Although the noise rises at lower frequencies, the sensitivity is Ͻ10
-4 e/ ͌ Hz for all frequencies above the 1/f corner at 3 kHz. This white noise floor is set by the noise of the 1.7 GHz amplifier in the present design, while the 1/f component is presumably due to background charge motion. This assignment of the noise sources is supported by the observation that the high-frequency system noise was independent of the gate charge and therefore SET gain, while the low-frequency noise was largest at gate charges corresponding to maxima of the gain, as expected for an input noise due to background charge motion.
Given the optimum carrier power and the observed depth of modulation (that is, the fractional change in reflected power), D, and knowing the noise temperature, T N ϭ 10 K, of the RF system, we can then calculate the expected sensitivity limit imposed by the RF amplifier. The device parameters and the predicted and measured Table 1 . Not shown (20) are the results for a similar device that showed identical behavior in nearly every way, but with a larger noise contribution (about 1 ϫ 10 -4 e/ ͌ Hz) from the amplifier, due to a less efficient tuning circuit (larger value of C pad ) and therefore a smaller depth of modulation. The performance of both these tuning circuits and the observed white noise floors are in good agreement with the expected values. Finally, in Table 1 , we include the predicted noise contribution of the amplifier for an optimized device. Tuning circuits with such high Q's (that is, with low parasitic capacitance, C pad ) should be easily realizable, for example, by lithographically fabricating the tuning inductor on the SET chip.
RF-SET Response
Also shown ( Fig. 4 ; trace "S") is the high-frequency noise obtained when the RF-SET is operated in its superconducting state, after removing the externally applied magnetic field. The optimum value of the carrier power in this superconducting state was about 6 dB higher, as would be expected because the onset of current then occurs at 4⌬/e ϩ e/2C ⌺ ϳ 1 mV. In addition, the current near threshold and the dissipation in the RF-SET are more sharply peaked functions of the island charge, which increases the SET gain, and further reduces the amplifier's white noise contribution. We therefore observe an improved charge sensitivity in the superconducting state of 1.2 ϫ 10 -5 e/ ͌ Hz, which is approximately an order of magnitude better than typical, 1/f-noise-limited SET electrometers (28) . The gain bandwidth in the superconducting case (20) was also greater than 50 MHz.
At present, we lack a theoretical model for the intrinsic noise of the RF-SET. We note, however, that the maximum instantaneous current (or voltage) in the device is comparable to that used in ordinary SETs. Because the intrinsic noise should be due to shot noise (27) of the tunnel junctions, we expect similar intrinsic noise for both the RF-SET and the ordinary SET. The highfrequency system noise varied by less than 3% with the dc gate charge, which supports the expectation that the intrinsic charge noise of the SET (29) is more than an order of magnitude below the presently achieved noise levels. By analogy with the practice used for very low-noise SQUIDs, we can equate our charge noise to an effective energy sensitivity of the RF-SET, ␦E ϭ (␦q) 2 /2C ⌺ ϭ 4.3 ϫ 10 -33 J/Hz, or ϳ41 ប. For SQUIDs, the inclusion of quantum fluctuations (30) leads to a theoretical minimum of the energy sensitivity on the order of ប; some DC-SQUIDs have in fact attained (31) sensitivity on this order. For a device with optimized parameters (Table 1) , the noise added due to the RF readout will be small enough for the RF-SET to approach this quantum limit.
The simultaneous achievement of highsensitivity and large bandwidth should allow the RF-SET to perform time-domain counting of single electrons (compare with Fig.  3A ) at very rapid rates. For example, in a detection bandwidth, B, the rms charge noise, ⌬Q, is given by ⌬Q ϭ ␦q ϫ ͌ B, and is still much less than one electron, even using the entire available bandwidth of 100 MHz in the RF-SET (Table 2) . Although conventional semiconductor transistors (FETs) can be very fast (speeds of gigahertz or more), they cannot attain single-electron resolution for bandwidths greater than a few kilohertz. If there were unity charge coupling to the RF-SET, however, the signal due to a single electron would still be 10 times greater than the standard deviation. Therefore, currents corresponding to several picoamperes can be measured with part-per-billion accuracy, by counting the individual electrons (32) which pass at an average frequency of f ϭ I/e, or about 6 MHz/pA. Further improvements in the RF-SET performance could thus provide a means to realize capacitance or current standards (6, 10) .
A drawback of all present SET devices is the rather low temperature required for operation, needed to ensure that thermal fluctuations are small compared to the charging energy, kT Ͻ Ͻ E c ϭ e 2 /2C ⌺ . At the present device size (where E c ϳ 2.1 K), this is not too severe a restriction, because the performance of the RF-SET only degrades by about 3 dB at temperatures of 0.5 K. We note, however, that the RF-SET device concept can be applied to small capacitance double-junction devices achieved through any fabrication process. Therefore, advances in lithography may allow efficient operation of the RF-SET electrometer at even higher temperatures. Another interesting avenue is to use a higher gap superconductor, such as Nb (33) . The larger threshold voltage allows the use of a larger carrier power, a lower noise contribution from the RF amplifier, and potentially even larger bandwidths. It should also be possible to combine the RF-SET with scanned-probe microscopy techniques, as in the recently demonstrated (13) single-electron transistor scanning electrometer (SETSE), which used an ordinary SET. This approach would add nanosecond temporal resolution and higher sensitivity to the spatially resolving capabilities of that microscope.
The main applications of the RF-SET electrometer will initially be in experiments on the physics of other single-electron and mesoscopic systems. SET electrometers have been used in this role, but because of their slow response, they have been limited to studying long-time or thermally averaged properties. The RF-SET can allow monitoring of individual tunneling or cotunneling (34) events and examination of the dynamics of these systems. One intriguing possibility with superconducting SET devices is the generation and manipulation of coherent superpositions of macroscopic quantum states. Such investigations first require a sensor (the RF-SET) that can measure the charge state of a macroscopic conductor with subelectron resolution, and on a timescale shorter than the decoherence time. This timescale is not yet known, but is probably (36) less than 100 s. For technological applications, more work will be required in optimizing the coupling to the electrometer and in finding devices and detectors for which the RF-SET is best suited. We may hope, however, that as with SQUID amplifiers, there will be unanticipated and versatile uses for this device. Table 1 . RF-SET parameters and performance. Optimal is the predicted amplifier noise contribution for an optimized RF-SET, with the listed parameters. D is the depth of modulation of the reflected power. Measured charge noises were taken at 1. (e/ ͌ Hz) ␦ E (ប) 41ប 27 ប 1.5 ប 
